By differential hybridization, we identified a number of genes in Saccharomyces cerevisiae that are activated by addition of cyclic AMP (cAMP) to cAMP-depleted cells. A majority, but not all, of these genes encode ribosomal proteins. While expression of these genes is also induced by addition of the appropriate nutrient to cells starved for a nitrogen source or for a sulfur source, the pathway for nutrient activation of ribosomal protein gene transcription is distinct from that of cAMP activation: (i) cAMP-mediated transcriptional activation was blocked by prior addition of an inhibitor of protein synthesis whereas nutrient-mediated activation was not, and (ii) cAMP-mediated induction of expression occurred through transcriptional activation whereas nutrient-mediated induction was predominantly a posttranscriptional response. Transcriptional activation of the ribosomal protein gene RPL16A by cAMP is mediated through a upstream activation sequence element consisting of a pair of RAP1 binding sites and sequences between them, suggesting that RAP1 participates in the cAMP activation process. Since RAP1 protein decays during starvation for cAMP, regulation of ribosomal protein genes under these conditions may directly relate to RAP1 protein availability. These results define additional critical targets of the cAMP-dependent protein kinase, suggest a mechanism to couple ribosome production to the metabolic activity of the cell, and emphasize that nutrient regulation is independent of the RAS/cAMP pathway.
The RAS/cyclic AMP (cAMP) pathway and nutrient availability play a critical role in regulating cell growth in the yeast Saccharomyces cerevisiae (9, 33) . Depletion of intracellular cAMP levels causes cessation of cell growth, with arrested cells accumulating fairly uniformly as unbudded cells (21, (32) (33) (34) . This same terminal phenotype is obtained by starving cells for essential nutrients by depriving them of a nitrogen or sulfur source (40) . The stage at which nutrient depleted or cAMPstarved cells accumulate has been termed Start, or the G 1 /S transition, and is the point of commitment to a new round of the mitotic cell cycle (40) .
The means by which cAMP levels affect completion of Start is currently unknown, although many of the components of the RAS/cAMP pathway have been defined. Synthesis of cAMP in yeast cells is catalyzed by adenylate cyclase, encoded by the gene CYR1 (also known as CDC35) (21, 34) . Adenylate cyclase activity is absolutely dependent on the presence of either of two Ras proteins, encoded by RAS1 and RAS2, as well as the protein encoded by the gene CDC25 (3, 4, 50) . Cdc25p serves to activate Ras, by catalyzing exchange of GDP bound to Ras for free GTP (4, 20) . Levels of cAMP in the cell are also influenced by its rate of turnover, which is catalyzed by a lowand high-affinity cAMP phosphodiesterase, encoded respectively by PDE1 and PDE2 (28, 38, 42, 45) . The activities of these enzymes, though, appear to be unmodulated (37) . The effects of the RAS/cAMP pathway on growth are mediated predominantly, if not exclusively, through activity of the cAMP-dependent protein kinase (A kinase) (7, 32, 33, 48) . This enzyme is a heterotetramer, composed ot two regulatory subunits, encoded by BCY1, and two catalytic subunits, encoded redundantly by three genes, TPK1, TPK2, and TPK3 (7, 19, 24, 27, 48, 49) .
A number of proteins that are phosphorylated in vivo by the A kinase have been identified (9) . Some of these, such as glycogen synthase, glycogen phosphorylase, trehalose phosphate synthase, and trehalase, affect metabolism of carbohydrate reserves (11, 12, 14) . Other protein targets of the A kinase, such as fructose-1,6-bisphosphatase and phosphofructokinase 2, may affect flow of metabolites through the glycolytic pathway (13, 31) . In addition, A-kinase activity has been shown to effect repression of transcription of several genes. These include the ADH1, UBI4, and SSA3 loci (1, 8, 46) . None of these activities of the A kinase identified to date, though, provides an explanation for its effects on initiation of the cell cycle.
To address the role of cAMP in modulating cell growth, we sought to identify genes whose expression was dependent on cAMP. As described in this report, we have been successful in isolating a number of genes that are induced by cAMP. These same genes are also induced by feeding nutrients to nutrientstarved cells. A significant fraction of these cAMP-regulated loci encode ribosomal proteins and are expressed during growth but not during quiescence. Since expression of these genes is required for mass accumulation, the dependence on cAMP for their expression could account for the role of cAMP in modulating transition of Start.
MATERIALS AND METHODS
Plasmids. Plasmids pMR10 and pMR672A and deletion derivatives of pMR10 were described by Rotenberg and Woolford (41) and were kindly provided by J.
Woolford. Plasmid pMR10 consists of the 2 -based URA3 plasmid YEp24, carrying 1 kb of RPL16A upstream sequences, the RPL16A leader, and the first 49 codons of the RPL16A coding region fused to the Escherichia coli lacZ coding region (RPL16A was designated RP39A in reference 41). Derivatives of this plasmid containing specific deletions within the upstream activation sequence (UAS) domain were obtained from J. Woolford and were resequenced over the UAS region to confirm the deletion endpoints. Plasmid pMR672A was derived from the 2 m-based URA3 CYC1-lacZ plasmid pLG669Z (16) by replacement of the CYC1 UAS with a 132-bp fragment encompassing the HOMOL1, RPG, and T-rich segments from the UAS domain of the RPL16A gene. Plasmids pCM92 and pCM95 are derived from plasmid pLG669Z by deletion of the 2-m circle sequences and replacement of the CYC1 UAS XhoI fragment with a 28-bp oligonucleotide corresponding to that portion of the RPL16A promoter encompassing the two RAP1 sites and sequences between them (35). This oligonucleotide is in opposite orientations in the two plasmids; in plasmid pCM92, the orientation of the oligonucleotide relative to the coding region is the same as that in RPL16A.
Plasmid pYST136 consists of a PvuII-to-HpaI fragment from E. coli lacZ cloned into the HincII site of pGEM3. In vitro transcription of HindIII-digested plasmid DNA by T7 polymerase provides an antisense RNA suitable to a lacZspecific probe in RNase protection assays. Plasmid pDM71 carries an SspI-toBglII fragment from MATa cloned into pGEM3 and is used to generate a MATa1-specific probe as described previously (29) . Plasmid B1770 consists of a 286-bp BglII-to-ClaI fragment internal to the ACT1 coding region cloned into pGEM3 and is used to generate an actin mRNA-specific probe.
Strains. Yeast strains used in this study are listed in Table 1 . Strain Y1358 was obtained by mutagenizing Y1360 with ethyl methanesulfonate and then selecting a variant that could grow at 37ЊC in the presence of 3 mM cAMP but could not grow at 37ЊC in the absence of cAMP. Strain Y1359 was a segregant from a cross between strains Y1358 and MS52, and strain Y1777 was a segregant from a cross between strains Y1359 and MS53. The mutation responsible for cAMP responsiveness segregated as a single Mendelian allele but was not further characterized. This mutation could be in the PDE2 gene, which has recently been shown to be allelic to RCA1, mutation of which allows responsiveness to exogenous cAMP (52) . Strains Y1801, Y1802, Y1803, and Y1804 were obtained by transforming strains Y1777 and MS33 to Ura ϩ with SmaI-digested plasmids pCM92 and pCM95, respectively. E. coli SE5000 [recA56 araD139 ⌬(argF-lac)U169 rpsL150 relA1 flbB5301 deoC1 pfsF25 F Ϫ ] was used to plaque phage libraries. Media. Yeast strains were grown in YEPD (1% yeast extract, 2% Bacto Peptone, 2% glucose) or SD (0.67% Bacto Yeast Nitrogen Base, 2% glucose) medium. If indicated, amino acids or purine/pyrimidine supplements were added at the levels described by Sherman et al. (43) . Nitrogen starvation medium (SD-N) contained 0.17% Bacto Yeast Nitrogen Base without ammonium sulfate and without amino acids. Sulfur-free medium (SD-S) was prepared as specified in the Difco manual (10) except that ammonium sulfate, copper sulfate, manganese sulfate, zinc sulfate, and magnesium sulfate were replaced by equivalent chloride compounds. Glucose was added to media to 2%. Identification of cAMP-inducible genes. cAMP-inducible genes were identified by screening a phage library of random genomic yeast sequences with a cDNA probe enriched for sequences expressed only in the presence of cAMP. The cyr1-2 strain T50-3A was grown at 35ЊC in the presence of 3 mM cAMP to a density of 5 ϫ 10 6 cells per ml. The cells were harvested by filtration, resuspended in YEPD without cAMP, and incubated at 35ЊC for 7 h. The culture was then split into two, and cAMP was added to one half. After incubation for 30 min, cells were harvested and poly(A) RNA was prepared from the two cultures as described previously (2) .
A differential probe for cAMP-inducible genes was prepared by first synthesizing cDNA to the poly(A) RNA from the culture grown in the presence of cAMP. Poly(A) RNA (5 g) was incubated 37ЊC for 1 h in a 0.05-ml reaction mixture consisting of 50 mM Tris-HCl (pH 7.5), 3 mM MgCl 2 , 10 mM dithiothreitol, 75 mM KCl, 100 g of bovine serum albumin (BSA) per ml, 0.5 mM each dATP, dGTP, and TTP, 50 ng of actinomycin D per ml, 0.5 U of RNasin, 50 Ci of [␣- 32 P]dCTP (3,000 Ci/mmole), 0.1 mg of oligo(dT) [12] [13] [14] [15] [16] [17] [18] , and 1,000 U of Moloney murine leukemia virus reverse transcriptase (Bethesda Research Laboratories). The reaction was terminated with 10 l of 0.25% sodium dodecyl sulfate (SDS)-15 mM EDTA-0.8 N NaOH and then incubated at 70ЊC for 20 min. After neutralization of the solution and removal of unincorporated nucleotides, the cDNA was mixed with a threefold excess of poly(A) RNA from the uninduced culture in a solution consisting of 80% formamide, 40 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES; pH 6.8), 400 mM NaCl, and 1 mM EDTA. The solution was incubated at 68ЊC for 5 min and then 56ЊC for 16 h and then cooled slowly to 25ЊC.
The blocked probe was used to screen ca. 10,000 plaques from a library of yeast genomic EcoRI fragments carried on gt7 (kindly provided by M. Rose). Plaques were transferred to nitrocellulose and hybridized with the blocked cDNA probe in 50% formamide-6ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-300 g of salmon sperm DNA per ml-0.1% SDS for 48 h. Positive plaques were purified by three rounds of streaking and reprobing.
RNA analysis. RNA samples for Northern (RNA) analysis and RNase protection assays were prepared by growing 25-ml cultures of cells to mid-log phase, harvesting cells by centrifugation, washing the cells in ice-cold TNE (25 mM Tris-HCl [pH 7.2], 100 mM NaCl, 10 mM EDTA), and resuspending them in 0.5 ml of TNE. The cell suspension was vortexed with 2/3 volume of glass beads (0.45-to 0.55-mm diameter) for 2 min. Cell lysates were extracted with 1:1 phenol-chloroform, and RNA was precipitated with 2 volumes of ethanol and 0.3 M sodium acetate. For Northern analysis, RNA samples were fractionated on agarose-formaldehyde gels, transferred to GeneScreen nylon membranes in 10ϫ SSC, baked at 80ЊC for 2 h, and then UV cross-linked to the filter. Hybridization with labeled probes was performed in Church buffer (0.25 M NaPO 4 [pH 7.2], 1 mM EDTA, 7% SDS, 10 mg of BSA per ml) at 65ЊC for 24 h. Filters were washed two times in 2ϫ SSC-0.1% SDS and then two times in 0.15ϫ SSC-0.1% SDS at 65ЊC and developed with preflashed XAR-5 film. Blots were stripped for reuse by incubation at 100ЊC in 10 mM Tris-HCl (pH 6.8)-1 mM EDTA for 20 min. RNase protection assays were performed as described previously (29) , using labeled antisense RNA from plasmids pYST136, pDM71, or B1770 as the probe for transcripts corresponding to lacZ, MATa1, or ACT1, respectively. Northern blots and RNase protection gels were quantitated either by densitometer scans of autoradiograms obtained with preflashed film or by ImageQuant analysis of exposures obtained on a Molecular Dynamics PhosphorImager.
RESULTS
Identification and isolation of cAMP-responsive genes. To identify genes from yeast strains whose expression is dependent on cAMP, we screened a genomic library by using a probe prepared by subtractive hybridization. As described in Materials and Methods, we isolated mRNA from two parallel cultures of a cyr1-2 strain, whose defect in adenylate cyclase could be circumvented by addition of exogenous cAMP. A culture of the cyr1 strain, pregrown in the presence of exogenously added cAMP, was starved for cAMP for 7 h, resulting in 75% unbudded cells. The culture was split in two, and cAMP was added to one of the cultures. Incubation was continued for 30 min before cells were harvested and RNA was extracted. RNA was extracted at the same time from the parallel culture to which cAMP had not been added. Labeled cDNA was prepared from mRNA isolated from the culture to which cAMP had been added. The cDNA was then hybridized in liquid with a threefold excess of mRNA isolated from the cAMP-starved culture. Accordingly, the residual single-stranded cDNA consisted predominantly of sequences corresponding to loci that were expressed substantially higher in the presence of cAMP than in its absence. We used the blocked cDNA probe to screen approximately 10,000 plaques from a gt7 library carrying random genomic yeast DNA fragments. This number of plaques represented about three genome equivalents. Individual phage plaques exhibited various levels of hybridization, with approximately 100 plaques showing strong hybridization signals. Sixty-five of these 100 phage clones contained repetitive yeast sequences, predominantly Ty1 elements, and were not analyzed further. The remainder of the clones carried only unique sequences. Three of these, P-15, P-47, and P-79, were selected at random for further study. Yeast sequences in each of these clones were represented only once in the 35 unique clones that we isolated.
The pattern of mRNA accumulation for the various transcripts encoded in the yeast genomic DNA carried on the three phage clones is shown in Fig. 1 . Total RNA was isolated from a cyr1 strain, either after starvation for cAMP or from starved cells 30 min after addition of cAMP. These RNA samples were fractionated on denaturing gels, transferred to nitrocellulose, and then probed with labeled phage DNA. The yeast DNA segment from phage P-15 hybridizes to two transcripts 650 and 1,500 bases in length. The level of the 1,500-base transcript is slightly repressed following addition of cAMP. The level of the 650-base transcript, on the other hand, is approximately three times higher in cells to which cAMP had been added than in starved cells. The yeast DNA segment from phage P-47 hybridizes to three transcripts. The largest transcript is slightly induced upon addition of cAMP. The two smaller transcripts are present in the cAMP-supplemented cells at approximately 10 times the level of the starved cell. Finally, the yeast DNA segment from phage P-79 hybridizes to two small transcripts, both of which show an approximately fivefold induction in levels on cAMP addition.
Many of the cAMP-responsive genes encode ribosomal proteins. To identify the functions of the cAMP-responsive genes that we isolated, we determined the sequences of several of these genes. The sequences that we obtained for four of the genes precisely matched those for four previously sequenced ribosomal protein genes. The assignment of these genes is presented in Table 2 . On the basis of its small size, the fifth cAMP-inducible gene, present on phage P-79, may also be a ribosomal protein gene. Several other phage isolated in our screen encompass cAMP-responsive genes whose sizes suggest that they do not encode ribosomal proteins (data not shown). Thus, many but not all of the cAMP-responsive genes that emerged from our screen correspond to ribosomal protein genes.
Ribosomal protein genes are regulated by nutrient availability but are unaffected by mating-factor arrest. To determine what other factors influence expression of the ribosomal protein genes that we identified, we measured the levels of these transcripts in strains arrested at Start by two other techniques. In one experiment, prototrophic yeast cells were arrested as unbudded cells by starvation for either a nitrogen source or a sulfur source. Arrested cells were then provided with the missing nutrient. Cells were harvested either before addition or at 10 or 30 min after addition of the missing nutrient. Total RNA was isolated from the three samples, and the levels of transcripts hybridizing to the three cloned fragments were determined as before. These results are shown in Fig. 2 . As is evident, all five genes that were induced upon addition of cAMP to cAMP-starved cells were also induced upon feeding nutrients to nutrient-starved cells. No distinction is evident in the pattern of accumulation between sulfur-starved and nitrogen-starved cultures. In general, the level of induction for each of the genes on nutrient feeding was approximately 20-fold, which was significantly greater than that seen upon cAMP induction. This reflects lower basal levels of all the transcripts FIG. 1. Addition of cAMP to cAMP-starved cells causes a rapid increase in ribosomal protein mRNA levels. Strain T50-3A was grown at 35ЊC to 5 ϫ 10 6 cells per ml in YEPD plus 3 mM cAMP. Cells were harvested, resuspended in YEPD, and incubated at 35ЊC for 7 h, at which time cAMP was added to 3 mM. Culture samples were removed just prior to addition of cAMP and 30 min after addition. RNA was isolated from the harvested cells, fractionated on 1.5% agarose-formaldehyde gels, transferred to nitrocellulose, and probed with the indicated phage DNAs. After an appropriate exposure was obtained, the filters were stripped and reprobed with labeled ACT1 DNA (insert).
FIG. 2.
Addition of ammonium or sulfate to nutrient-starved cells causes a rapid increase in the ribosomal protein mRNA levels. Strain X2180-1A was grown at 30ЊC in SD medium to 5 ϫ 10 7 cells per ml, harvested by filtration, and resuspended in SD-N or SD-S medium. The SD-N culture was incubated at 30ЊC until greater than 95% of the cells were unbudded (ca. 4 h), at which time ammonium chloride was added to a concentration of 5 g/liter. The SD-S culture was also incubated until greater than 95% of the cells were unbudded (ca. 36 h), at which time sodium sulfate was added to 0.5 g/liter. Samples were removed prior to nutrient readdition and at 10 and 30 min after nutrient addition. RNA samples were prepared and analyzed by Northern analysis as described in Materials and Methods, probing with labeled ACT1 DNA. On the basis of the result of ACT1 Northern blotting, amounts of RNA for each sample were determined to give the same ACT1 signal. These amounts were fractionated and probed as described in the legend to A different situation is seen with mating-factor-arrested cells. Incubating a cells in the presence of ␣-factor cells causes reversible arrest of cell growth at the beginning of the cell cycle. We arrested a prototrophic a strain by addition of ␣-factor to the medium. After 95% of the cells had arrested in an unbudded state, the culture was divided and ␣-factor was removed from one-half of the culture. RNA was then extracted from the arrested cells and from cells harvested 10 or 30 min following removal of ␣-factor. As noted in Fig. 3 , the levels of mRNA from the five cAMP-responsive genes were essentially unchanged following removal of ␣-factor from ␣-factor-arrested cells. This is due to the fact that for all five genes, the mRNA levels in the arrested cells were equivalent to that in exponentially growing cells. Thus, arrest of cells at Start by treatment with ␣-factor does not appear to diminish the level of expression of these genes.
cAMP and nutrients affect expression of ribosomal protein genes at different levels. To determine at what level cAMP or nutrient availability affects ribosomal protein gene expression, we examined the ability of gene fusions containing different regulatory elements from RPL16A to respond to addition of nutrients or cAMP to appropriately starved cells. The gene fusions we used are listed in Table 3 . As shown in Fig. 4 , fusion to the lacZ coding region of the entire upstream region from RPL16A, including the initial coding region of the gene (plasmid pMR10), yielded cAMP-inducible expression of lacZ mRNA. Essentially equivalent induction was observed from a plasmid in which only the upstream activating sequence from RPL16A was fused to a lacZ gene driven by a CYC1 promoter (plasmid pMR672A). Thus, we conclude that cAMP promotes mRNA accumulation of this ribosomal protein gene by increasing the rate of transcriptional initiation of the gene. This conclusion was confirmed using other transcriptional fusions described below.
Ammonium chloride induction yielded a different pattern of response. Addition of ammonium chloride to a nitrogenstarved strain containing a fusion of the RPL16A UAS, promoter, and initial coding region to the lacZ reporter gene (plasmid pMR10) resulted in significant increase in the lacZ mRNA levels. In contrast, with a strain containing a fusion of only the RPL16A UAS element to the lacZ gene, the level of lacZ mRNA was quite high in the starved cells, and this level increased only slightly upon addition of ammonium chloride. This result indicates that the repression of RPL16A expression in response to nitrogen limitation as well as induction by nitrogen may not be mediated by its UAS element alone. Thus, either nitrogen availability affects initiation of transcription FIG. 3 . Arrest by mating factor does not yield a decrease in ribosomal gene expression. Strain RC634 was grown at 30ЊC in YEPD to 10 7 cells per ml. ␣-Factor (Sigma) was added to 0.1 g/ml, and incubation continued for 90 min, at which time 99% of the cells were arrested with a characteristic shmoo morphology. Half of the culture was then harvested by filtration and resuspended in YEPD without ␣-factor. After 30 min, both cultures were harvested, prepared with RNA, and analyzed as described in the legend to Fig. 2.   FIG. 4 . Nutrient and cAMP addition increase ribosomal protein mRNA levels by different mechanisms. Strain Y1777 (A) and strain MS33 (B) were transformed to Ura ϩ with the indicated plasmids. Plasmid-bearing derivatives of strain Y1777 were grown at 23ЊC in SD-uracil but supplemented with amino acids and adenine (46) to 5 ϫ 10 6 cells per ml. Cells were then harvested and resuspended to the same density in YEPD plus 3 mM cAMP and grown at 35ЊC for 3 h. Cells were then harvested and resuspended in YEPD lacking cAMP and incubated at 35ЊC for 6 h, until ca. 90% of the cells were unbudded. cAMP was then added to a concentration of 3 mM, and incubation continued. Cells were harvested just prior to addition of cAMP and 30 min following addition. Similarly, plasmid-bearing derivatives of MS33 were grown at 30ЊC in SD to 10 7 cells per ml, shifted to SD-N medium, and incubated until greater than 90% of the cells were unbudded (ca. 4 h). Ammonium chloride was added, and cells were harvested just prior to readdition and 30 min postaddition. RNA was prepared from all of the cultures and then analyzed for lacZ-specific transcripts by RNase protection assays. A probe specific for MATa1 was used as an internal control for RNA levels. The positions of migration of the fragments protected by lacZ-and MATa1-specific transcripts are indicated. The position of migration of the MATa1 protected fragment was determined by fractionation on a separate track on the same gel of a reaction containing only the MATa1 probe. through a process requiring the promoter element instead of or in addition to the UAS, or nitrogen availability alters mRNA levels through a posttranscriptional process, by influencing the maturation or stability of the RPL16A mRNA, for instance. Cycloheximide blocks cAMP induction, but not nutrient induction, of cAMP-responsive genes. The distinction between the mechanism of cAMP induction versus that of nutrient induction of ribosomal protein gene expression was reinforced by a differential requirement of the two processes for continued protein synthesis. Induction of expression of ribosomal protein genes upon addition of cAMP or nutrients to starved cells could be an immediate response to the restoration of nutrients, or it could be an indirect consequence of refeeding. To distinguish between these possibilities, we examined the effect of cycloheximide, a protein synthesis inhibitor, on the kinetics and extent of induction. In one experiment, growth of a prototrophic strain was arrested by starvation for a nitrogen source. Cycloheximide was added to the culture at a concentration of 10 g/ml, a level sufficient to inhibit protein synthesis to greater than 95%, and cells were then fed ammonium chloride. RNA samples isolated from cells harvested prior to addition or at 10 or 30 min after addition were fractionated and probed with labeled DNA spanning our characterized cAMPresponsive genes.
The results of this analysis, presented in Fig. 5B , show that the pattern of induction of RPL16A and CYR2 following addition of ammonium chloride to starved cells was essentially unperturbed by inhibition of de novo protein synthesis. Induction of the RP28 and S16A genes was diminished slightly by the presence of cycloheximide, but significant induction was still evident. This finding suggests that induction of these genes by nutrient addition is, for the most part, an immediate response to the presence of the required nutrient.
A different situation arose following starvation for cAMP. Growth of a cyr1-2 strain was arrested by removing exogenous cAMP from the culture. As above, cycloheximide was added to the culture to 10 g/ml, and then cAMP was added to the cells. RNA samples from cells harvested before and after cAMP addition were probed with DNA spanning the ribosomal protein genes, and the results of this analysis are shown in Fig. 5A . For RPL16A, and the genes for RP28 and S16A, induction by cAMP was completely blocked by the presence of cycloheximide, and for CYR2, induction was predominantly blocked. Increases in expression of RPL16A and CRY2 in cycloheximide-treated cells occurred following addition of cycloheximide alone and, accordingly, was unrelated to the cAMP addition. Such induction by cycloheximide alone, termed superinduction, has been reported for a number of mammalian genes responsive to serum addition or mitotic growth factors. Thus, induction of expression of the cAMP-responsive genes in yeast cells is not an immediate response of addition of cAMP. Rather, one or more components required for the induction process must be synthesized de novo.
The difference in sensitivity to cycloheximide of induction by nutrient addition versus cAMP addition could be explained by invoking different uptake mechanisms for ammonium ions and cAMP. For instance, if cAMP uptake requires an active trans-FIG. 5. Cycloheximide blocks cAMP induction, but not nutrient induction, of cAMP responsive genes. Strains T50-3A (A) and X2180-1A (B) were grown as described in the legends to Fig. 1 and 2 , respectively. After cells had arrested, each culture was split, and cycloheximide (10 g/ml) was added to one of each pair of cultures. Ten minutes later, cAMP was added to both T50-3A cultures and ammonium chloride (5 g/liter) was added to both X2180-2A cultures. Samples were removed from all cultures immediately prior to readdition of nutrient and at the indicated times following readdition. RNA samples were prepared and analyzed as described in the legend to Fig. 2. VOL. 15, 1995 REGULATION OF RIBOSOMAL PROTEIN GENE EXPRESSION 3191 port mechanism that decays during cAMP starvation, then uptake of cAMP, and any subsequent cAMP-induced transcription, would be blocked by a protein synthesis inhibitor. To examine this possibility, we measured the response of trehalase activation to cAMP addition in the presence and absence of cycloheximide. Trehalase is activated four-to eightfold by phosphorylation by A kinase (12) . Consistent with previous reports, we found that trehalase activity was stimulated fourfold within 5 min of addition of cAMP to our cyr1-2 strain that had been starved for cAMP. The exact same level of trehalase activation was obtained in a parallel culture to which cycloheximide had been added prior to readdition of cAMP. Thus, cycloheximide does not prevent uptake of cAMP in our test strain. Accordingly, the distinction in mRNA induction patterns between nutrient refeeding versus cAMP refeeding reflects a difference in the induction mechanisms mediating response to these two stimuli, rather than a difference in their import mechanisms. The cAMP-responsive element coincides with RAP1 sites. Several conserved sequence motifs are present upstream of ribosomal protein genes and are required for transcription of these genes (26, 48) . Two of these motifs, HOMOL1 and RPG, are different versions of the binding site for the abundant DNA-binding protein RAP1 (5, 39, 45) and have been shown to be required for transcription of a number of ribosomal protein genes, including RPL16A (41, 53) . A T-rich region often lies between the RAP1 binding sites and the 5Ј end of a ribosomal protein gene (47) and is also generally required for transcriptional activity of the gene (41, 53) .
To define the transcriptional element(s) that mediates cAMP responsiveness of ribosomal protein genes, we analyzed the transcriptional properties of a number of deletion derivatives of the RPL16A promoter/enhancer domain. Rotenberg and Woolford previously constructed a variety of deletion derivatives of the RPL16A promoter/enhancer in a centromeric URA3 plasmid in which the promoter/enhancer was fused to the E. coli lacZ coding region (41) . We introduced these plasmids into the cAMP-responsive cdc35-1 strain Y1777. The resulting strains were grown at 37ЊC in the presence of 3 mM cAMP to mid-log phase. The strains were then transferred to medium lacking cAMP and incubated at 37ЊC until the cells were predominantly unbudded. cAMP was added to the cultures, and samples were removed immediately prior to addition of cAMP and 30 min after addition. Total RNA was extracted from all of the samples, and the level of lacZ-specific transcripts present in each sample was determined by RNase protection assay. The results of this analysis are presented in Fig. 6 .
Several conclusions emerge from this study. First, basal expression from the RPL16A promoter is separable from cAMP inducibility. That is, a number of promoter constructs, such as Ϫ535/Ϫ246 and Ϫ233/Ϫ199, exhibit reasonable basal levels of expression but fail to increase expression on addition of cAMP. Second, the integrity of both RAP1 binding sites appears to be required for response to cAMP. Mutant alleles in which both RAP1 sites remain intact are inducible upon cAMP addition. Conversely, most of the deletion alleles that encroach on one of the other or both RAP1 sites prevent the promoter from responding to cAMP induction. In fact, deletions that remove the second RAP1 site while leaving the first on intact (deletion Ϫ233/Ϫ199, for example) all render the locus repressible by cAMP rather than inducible. Thus, to the resolution of these constructs, the RAP1 sites appear to mediate inducibility.
To confirm the significance of the RAP1 sites in transcrip- tional activation, we examined the responses of various hybrid genes in which different elements from a ribosomal protein gene UAS were inserted upstream of the CYC1 promoter fused to the lacZ coding region. As shown in Fig. 4 , control fusions carrying the entire tripartite enhancer domain from RPL16A exhibited robust induction by cAMP addition. Similarly, as shown in Fig. 7 , robust induction in response to cAMP was also imparted by a 28-bp segment from RPL16A spanning both RAP1 sites and the sequence between them (plasmids pCM92 and pCM95). Control plasmids carrying the CYC1 UAS (plasmid pLG669) showed no variation in expression during starvation or refeeding (data not shown). Since we observed little or no lacZ expression even under normal growth conditions from plasmids in which a single or multiple tandem copies of the RAP1 binding site (RPG) served as the sole UAS element (data not shown), we could not assess whether the RAP1 site alone is sufficient to mediate cAMP induction of expression. Nonetheless, our results indicate that RAP1 sites from RPL16A are required for cAMP induction of ribosomal protein gene expression. Similar experiments examining the effect of nutrient addition on expression of RPL16A promoter fusions confirmed that nutrient availability affected ribosomal protein gene expression by a mechanism distinct from that mediating cAMP induction. As shown in Fig. 7 , addition of ammonium chloride to starved cells carrying plasmid pCM92 or pCM95 yielded essentially no increase in levels of lacZ RNA, primarily because the removal of ammonium chloride failed to diminish expression from the construct. From these results, we conclude that the majority of the increase in expression of RPL16A obtained by addition of nutrients to nutrient-starved cells is affected through a region other than that encompassing the dual RAP1 sites or the T-rich region. Whether the mechanism involves transcriptional activation through other elements such as the TATA box or whether induction involves posttranslational activation through mRNA stability or splicing efficiency remains to be determined. Nonetheless, these results reinforce the distinction in nutrient versus cAMP activation of ribosomal protein gene expression.
RAP1 protein decays during starvation for cAMP. Since RAP1 appears to be involved in cAMP induction of ribosomal protein genes, we were interested in determining whether RAP1 protein was a substrate for A kinase and, if so, whether the phosphorylation pattern of the protein changed during the induction process. RAP1 possesses a weak A-kinase consensus phosphorylation site (44, 51) , and we have found that RAP1 can be phosphorylated in vitro by A kinase, albeit to a very limited extent (data not shown and reference 15). In addition, Tsang et al. (51) showed that phosphorylation of RAP1 affected its affinity for binding the phosphoglycerate kinase promoter in vitro. However, we were unable to determine whether the pattern of RAP1 phosphorylation changed during starvation of cells for cAMP. In the experiment shown in Fig. 8 , cells were harvested at various times prior to starvation, during starvation for cAMP, and after readdition of cAMP to the culture medium. Cell extracts were prepared, fractionated by SDS-polyacrylamide gel electrophoresis (PAGE), transferred to nitrocellulose, and probed with anti-RAP1 antibody. As is evident, the level of intact RAP1 in the extracts declined precipitously during starvation and began to increase on addition of cAMP to the medium. We could not distinguish in this experiment whether RAP1 levels actually declined in vivo or whether proteolytic activity increased in the cells upon starvation and yielded degradation of RAP1 in the extracts. If the latter is the case, then proteolysis would have been relatively specific for RAP1, since total protein patterns, as judged by Coomassie blue staining, were unchanged by this regimen. In either case, the correlation between the levels of intact RAP1 protein and the expression of the RAP1-dependent ribosomal protein genes raises the possibility that cAMP effects on ribosomal gene expression could be accounted for by changes in RAP1 levels in the cell. FIG. 7 . The region encompassing the RAP1 elements from RPL16A confers cAMP-inducible expression. The cdc35-1 strains Y1801 and Y1802, carrying pCM92 and pCM95, respectively, integrated at ura3, were grown as described in the legend to Fig. 1 , and the prototrophic strains Y1803 and Y1804, carrying pCM92 and pCM95, respectively, integrated at ura3, were grown as described in the legend to Fig. 2 . Samples were removed immediately prior to addition of cAMP or ammonium chloride (Ϫ) or 30 min after addition (ϩ), and the level of lacZ-specific RNA present in the cell was determined as described in Materials and Methods. The positions of migration of probes protected by lacZ-specific RNA and by MATa1 mRNA are indicated.
FIG. 8. RAP1 decays during starvation for cAMP. Samples were removed from a culture of strain Y1777 during exponential growth at 23ЊC, after a shift to 37ЊC either with or without cAMP at the times indicated, and following readdition of cAMP to the 6-h starved cultures. Protein extracts were prepared from each sample, and equal amounts of protein (20 mg) were fractionated by SDS-PAGE, transferred to nitrocellulose, probed with anti-RAP1 antibodies, and visualized as described in Materials and Methods. A strain containing an Nterminal deletion of RAP1 was used as a marker in the first lane. A cross-reacting protein of 60-to 70-kDa is recognized by the antibody preparation and provides an internal control for protein loading.
DISCUSSION
cAMP causes both transcriptional activation and transcriptional repression in yeast cells. We have identified a number of genes whose expression in yeast cells is induced following addition of cAMP to cAMP-depleted cells or addition of ammonium chloride to cells deprived of a nitrogen source. Many of these genes encode ribosomal proteins, and most, if not all, ribosomal protein genes likely exhibit this transcription pattern. This screen also revealed a number of other cAMPinducible genes, whose sizes suggest that they are not ribosomal protein genes. These were not examined further, either to determine the level at which their regulation was effected or to identify the encoded products. The frequency of the recovery of such genes in our screen suggests that a small but significant number of yeast genes are inducible by addition of cAMP.
Several yeast genes have been shown previously to be regulated by cAMP. Hubler et al. (18) have shown that CLN2, like the ribosomal protein genes, can be induced by cAMP, at least under certain conditions. In contrast, all other previously characterized cAMP-responsive genes are repressed by increased levels of cAMP. Tanaka et al. (46) demonstrated that mRNA levels from the polyubiquitin-encoding gene, UBI4, increased following depletion of cAMP from a cyr1 strain. Transcript levels for this gene were also inducible by heat shock through a cAMP-independent mechanism. Boorstein and Craig (1) described a similar pattern of expression for the yeast HSP70 gene SSA3. Transcription of SSA3 is induced both by heat shock and upon depletion of glucose from the growth medium. Induction of SSA3 following glucose depletion is apparently mediated by cAMP via A kinase: depletion of intracellular cAMP yielded transcriptional induction even in the presence of glucose, and induction of SSA3 did not occur following glucose starvation of a bcy1 strain, in which A kinase is constitutively active. Heat shock induction and cAMP repression are mediated by different cis-acting sites within the SSA3 promoter. The cAMP-responsive element from SSA3 (designated PDS by Boorstein and Craig) encompasses a consensus RAP1 binding site, although the PDS element has not been shown directly to bind RAP1. Finally, Marchler et al. (30) showed that an element structurally and functionally similar to PDS mediated cAMP repression and heat shock induction of cytosolic catalase T gene, CTT1. Thus, a number of yeast genes are transcriptionally repressed by cAMP, and repression is mediated by an element that is similar, if not identical, to the RAP1 binding site.
Induction of transcription of the ribosomal protein genes by cAMP is mediated in cis at least in part by the binding site for the RAP1 protein. Deletions of either one of the two RAP1 binding sites within the UAS for RPL16A abolished the ability of the promoter to be stimulated by cAMP. Thus, the RAP1 binding site, which may mediate cAMP repression of SSA3 and CTT1, participates in cAMP induction of ribosomal protein gene transcription. This observation is consistent with recent work by Klein and Struhl (22) , who showed that a LexA-RAP1 fusion protein stimulated transcription in yeast cells of a lacZ reporter gene in which the UAS consisted solely of a LexA operator. Stimulation was significantly higher in a bcy1 strain, in which A kinase is constitutively active, than in a BCY1 strain, suggesting that A-kinase-catalyzed phosphorylation in some way enhanced transcriptional activation mediated by RAP1.
How RAP1 participates in transcriptional regulation by cAMP is not clear. One possibility suggested by Klein and Struhl (22) is that A kinase phosphorylates RAP1, and the phosphorylated form of RAP1 is a more active transcriptional activator than the unphosphorylated protein. Thus, the phosphorylation state of RAP1 could vary in response to cAMP levels in the cell, and this variation could modify its ability to promote transcription. However, this model does not fully account for our observations. First, as noted above, A-kinase effects on RAP1 transcription include both enhancement of transcription and repression of transcription. Thus, phosphorylation of RAP1 cannot simply enhance its efficiency as a transcriptional activator. Second, we find that RAP1 protein is subject to proteolysis during starvation for cAMP. This is distinct from the observations of Klein and Struhl (22) , who noted that the levels of RAP1 protein capable of forming complexes with DNA containing a RAP1 binding site were essentially identical in extracts of wild-type and bcy1 strains. However, the conditions of the two experiments were quite distinct: our experiments examined the effects of severely reduced A-kinase activity, while those of Klein and Struhl examined the effects of hyperactivation of A kinase. Finally, we have shown that induction by cAMP is blocked by an inhibitor of protein synthesis, indicating that de novo synthesis is required for cAMPinduced stimulation of transcription. This would be consistent with the need to resynthesize RAP1 protein following its decay during starvation. However, whether it is RAP1 that has to be synthesized after starvation or whether it is some other, as yet unidentified component required for induction, the dependence of induction on de novo protein synthesis indicates that cAMP regulation of ribosomal protein synthesis is not a simple matter of increased phosphorylation of RAP1.
Ribosomal protein gene expression is subject to multiple regulatory controls. Ribosomal protein gene expression is modulated in response to a number of conditions (53) . First, carbon source upshift from glycerol to glucose results in a twoto threefold increase in the transcriptional rate of ribosomal protein genes (17) . Second, ribosomal protein gene transcription in yeast cells is subject to stringent control: a reduction in the rate of protein synthesis results in a decrease in the rate of ribosomal protein gene transcription (35) . Finally, as we have shown in this report, both cAMP addition to cAMP-depleted cells and nutrient addition to nitrogen-starved cells yield a rapid increase in ribosomal protein gene expression. As discussed below, these different modulators appear to affect ribosomal gene expression through distinct but overlapping pathways.
The results in this work demonstrate that nitrogen regulation of ribosomal protein synthesis occurs through a process that is distinct from that of cAMP regulation. While cAMP induction of ribosomal gene expression is mediated through the RAP1 UAS elements and requires de novo protein synthesis, induction by ammonium chloride is immediate and is predominantly effected through a site other than the RAP1 UAS. The locus for nitrogen regulation of RPL16A is not certain. One possibility is that the nitrogen source availability affects transcriptional initiation rates, but through a site other than the RAP1 UAS. Alternatively, nitrogen availability could affect ribosomal protein mRNA levels posttranscriptionally, through alterations in either mRNA stability or pre-mRNA splicing. In either case, the distinction between nutrient and cAMP control of ribosomal gene expression is consistent with previous results indicating that nitrogen addition to starved cells does not alter cAMP levels (14) and that nitrogen regulation of sporulation of a bcy1 tpk1 tpk2 tpk3 w strain is normal (6). Our results also indicate that nitrogen levels also do not modulate any component downstream of cAMP, such as A kinase itself. Thus, nitrogen regulation and cAMP response are distinct regulatory pathways.
Glucose addition to cells growing on a nonfermentable carbon source yields a transient increase in cAMP (14, 37) , raising the possibility that carbon source upshift and cAMP addition affect expression through a common pathway. This hypothesis is reinforced by the fact that the effect of carbon source upshift is mediated by RAP1 sites in some ribosomal protein genes and by Klein and Struhl's observation that mutational activation of A kinase renders ribosomal gene expression insensitive to carbon source upshift (22) . In contrast, though, Kraakman et al. (23) have recently shown that carbon source upshift regulation of the genes for ribosomal proteins L25 and S33 does not appear to be mediated by cAMP.
Finally, since transcriptional activation of ribosomal protein gene expression through the RAP1 UAS element is coupled to the rate of protein synthesis (34) , the effects of cAMP on ribosomal protein gene expression could be an indirect consequence of its effect on rates of protein synthesis. As noted in this report, protein synthesis is required for cAMP induction of ribosomal synthesis. The required protein synthesis could be necessary for production of a specific protein, such as a cAMPresponsive transcription factor. Alternatively, protein synthesis could be required to alleviate a stringent response caused by depletion of cAMP. However, while at least one year ribosomal protein, S10, is phosphorylated in vivo and in vitro by A kinase, no evidence exists documenting an effect of cAMP levels on the rates of protein synthesis. In addition, Klein and Struhl showed that genetic activation of A kinase alleviated the stringent response control of ribosomal protein gene transcription (22) . Thus, evidence to link cAMP regulation of ribosomal protein gene transcription to a stringent response does not currently exist.
cAMP-regulated genes and control of the cell cycle. Starvation for nutrients or inactivation of the RAS/cAMP pathway has two consequences: uniform arrest of cells in G 1 and cessation of ribosomal protein synthesis. What is the causal relationship between these two effects of cAMP or nutrient depletion? As one alternative, depletion of cAMP or nutrients could directly precipitate arrest at Start, with reduced transcription of ribosomal protein genes a secondary effect, due for instance to the absence of the appropriate transcription factors at that stage of the cell cycle. As noted above, this is clearly not the case for nitrogen deprivation. Blocking cell cycle progression with mating factor did not abrogate nitrogen induction of ribosomal protein gene transcription (unpublished results). In addition, nitrogen induction of ribosomal protein gene expression was independent of de novo protein synthesis and, consequently, of progression through the cell cycle. Thus, nutrient availability affects ribosomal protein gene expression directly and not as an indirect consequence of its affect on cell cycle progression.
The case for cAMP is not as clear. cAMP-mediated activation of ribosomal protein synthesis is not blocked by matingfactor-induced arrest of cell cycle progression. In addition, as noted above, A kinase can directly phosphorylate RAP1, at least in vitro. Both of these observations suggest that cAMP effects on transcription are independent of cell cycle progression. Nonetheless, the effect of cAMP addition on transcriptional activation is blocked by inhibition of protein synthesis. Accordingly, we cannot rule out the possibility that the effect of cAMP on ribosomal protein gene expression is indirect and secondary to its effect on cell cycle progression. Further experiments will be required to clarify this issue.
An alternative relationship between cell cycle progression and cAMP regulation of ribosomal protein gene expression is that cessation of ribosomal protein gene expression attendant on depletion of cAMP or nutrients causes cell cycle arrest.
However, since ribosomes are relatively stable, decay of protein synthesis-and attendant cessation of cell growth-would likely occur only several generations after cessation of de novo synthesis of new ribosomes. This rate is not consistent with the first cycle arrest observed with cdc35 mutants (40) . Thus, the requirement for cAMP for ribosomal protein gene transcription likely does not account for cAMP's effects on cell cycle progression.
The most viable hypothesis is that the effects of cAMP on cell cycle progression and on ribosomal protein gene expression are independent. A kinase, in response to cAMP levels, affects the activity of a broad spectrum of proteins involved in energy production and mass accumulation. The consequence of this multifaceted regulatory activity appears to be to coordinate the disparate metabolic and synthetic processes in the cell in order to ensure homeostatic growth under a variety of conditions. The effects of cAMP on ribosomal protein synthesis likely constitute one branch in this network. In this manner, production of the basic synthetic machinery of the cell can be tied effectively to the overall metabolic activity of the cell. Confirmation of this interpretation awaits more detailed analysis of the mechanism of cAMP regulation of the cell cycle and of ribosomal protein synthesis.
